Abstract-Although space mapping is a powerful optimization and modeling methodology, it is not always straightforward to implement, especially if one wants to use some advanced techniques and employ commercial simulators in the automatic optimization loop. The SMF system is a user-friendly space mapping software that is designed to make space mapping accessible to engineers inexperienced in this technology. SMF allows automatic or interactive space-mapping-based constrained optimization, modeling and statistical analysis. It incorporates most of the existing space mapping techniques including input, output, implicit, and frequency space mapping as well as the latest developments such as space-mapping based interpolation and advanced modeling techniques. SMF provides sockets to popular EM/circuit simulators including Sonnet em, MEFiSTo, ADS, and FEKO. In this paper we give a brief introduction to space mapping methodology as well as an exposition of the SMF system with special focus on its optimization interfaces. An SMF application example is given.
I. INTRODUCTION
Space mapping (SM) [1] - [4] is a methodology that allows efficient optimization of expensive or "fine" models by means of the iterative optimization and updating of so-called "coarse" models which are less accurate but cheaper to evaluate. Provided that the misalignment between the fine and coarse models is not significant, SM-based algorithms typically provide satisfactory results after only a few evaluations of the fine model.
Space mapping is widely used in the optimization of microwave devices [1] , [2] , [4] - [7] , where fine models are often based on full-wave electromagnetic simulations, whereas coarse models may be physically-based circuit models. A number of papers cover different aspects of space mapping, including the development of new algorithms ( [1] - [4] ), SM-based modeling [8] - [11] , theoretical foundations ( [4] , [5] ), etc.
In this paper we give a brief introduction to space mapping as well as an exposition of the SMF system: a user-friendly space mapping software engine allowing automated and interactive space mapping optimization and modeling.
II. SPACE MAPPING OPTIMIZATION BASICS
Let R f denote the response vector of a fine model of the device of interest, which might be the evaluation of some characteristics of the device, e.g., |S 21 |, at a given set of frequencies. Our goal is to solve ( )
where U is a given objective function. We consider an optimization algorithm that generates a sequence of points x (i) , i = 0, 1, 2, …, and a family of surrogate models R s (i) , so that ( )
Let R c denote the response vector of the coarse model that describes the same object as the fine model: less accurate but much faster to evaluate. SM assumes that the family of surrogate models is constructed from the coarse model in such a way that the misalignment between R (0) of the SM optimization algorithm is a coarse model optimal solution, i.e., x (0) = arg min{x : U(R c (x))}. The space mapping optimization algorithm flow can be described as follows:
Step 1 Set i = 0;
Step 2 Evaluate the fine model to find R f (x (i) );
Step 3 Obtain the surrogate model R s (i) using (3) and (4); Step 4 Given x (i) and R s (i) , obtain x (i+1) using (2);
Step 5 If the termination condition is not satisfied go to Step 2; else terminate the algorithm; Usually, the algorithm is terminated in the case of obtaining convergence or exceeding the user-defined maximum number of iterations.
III. SMF-USER-FRIENDLY SPACE MAPPING SOFTWARE
In order to make space mapping accessible to engineers not experienced in this technology, we have created a SMF: A User-Friendly Software Engine for Space-Mapping-Based Engineering Design Optimization Slawomir Koziel*, Senior Member, IEEE, and John W. Bandler, Life Fellow, IEEE prototype user-oriented software package. SMF [12] is a GUI based Matlab system that can do space-mapping-based constrained optimization, modeling and statistical analysis. It implements existing SM approaches, including input, output, implicit and frequency SM (in particular a generalized implicit SM framework [4] ). It contains drivers for simulators (Sonnet em, MEFiSTo, ADS, FEKO) that allow linking the fine/coarse model to the algorithm and make the optimization process fully automatic.
In this paper, we only focus on one aspect of SMF-a module for automatic space mapping optimization. We demonstrate the software using an example design problem. Fig. 1 shows a block diagram of the space mapping optimization module in SMF. Optimization is performed in several steps. First, the user enters the problem arguments, including starting point, frequency sweep, optimization type and specifications. Next, the user sets up space mapping itself, i.e., the kind of space mapping to be used (e.g., input, output, implicit), specifies the termination condition, parameter extraction options, and optional constraints.
The next step is to link the fine and coarse models to SMF by setting up the data that will be used to create model drivers. Using user-provided data (e.g., simulator input files and design variable identification data), SMF creates drivers that are later used to evaluate fine/coarse models for any necessary design variable values. Model evaluation is accomplished by generating the simulator files corresponding to the required design, running the simulator and acquiring the results.
Parameter extraction, surrogate model optimization and optional trust region specific options are set in the next step using auxiliary interfaces.
Having done the setup, the user runs the execution interface, which allows the running of the space mapping optimization algorithm and visualizing the results, including model responses, specification error plots as well as convergence plots.
We demonstrate SMF using the microstrip band-pass filter [13] shown in Fig. 2 . The design parameters are
The fine model is simulated in FEKO [14] , the coarse model is the circuit model implemented in Agilent ADS [15] (Fig. 3) . The design specifications are
The initial design is the coarse model optimal solution 
. We now show how to set up and run SM optimization using SMF. Fig. 4 shows the setup of the starting point, frequency sweep, optimization type and specifications within SMF. Fig. 5 shows the space mapping options interface. Here, the user can set up the termination condition for the algorithm (in terms of maximum number of iterations or fine model evaluations, or in terms of differences in the arguments or function values), space mapping to be used (checkboxes A, B, C, D, E and F as well as the implicit SM panel at the bottom left corner of the interface), parameter extraction options (e.g., the number of responses/Jacobians used while matching the models), as well as constraints for the coarse/fine model, regular SM parameters and implicit parameters. In our example we only use terms c and d. Fig. 6 shows the setup of the coarse and fine model drivers. As the coarse model is implemented in ADS, the user has to link to SMF the ADS netlist file corresponding to the circuit model in Fig. 3 as well as the file identifying the design variables. Linking the fine model is also simple: the user points to a FEKO input file containing the original filter design as well as to a label file containing variable labels (this information is used by SMF to identify design variables). In both cases, the user has to choose the response format. For example in the case of the FEKO model this would be the modulus of the S 21 parameter in a dB scale. Fig. 7 shows the setup for parameter extraction, surrogate optimization and trust region options. Fig. 1 . Flowchart of the optimization module in the SMF system [12] . Fig. 2 . Geometry of the microstrip band-pass filter [13] . It should be noted that SMF allows us to perform inside-ADS parameter extraction and surrogate model optimization [16] , so that both processes can be performed using the builtin ADS optimization capability, which results in considerable savings of computational time [16] .
The fine model response at x (0) as well as the response at the solution obtained using SMF after 5 iterations (x T mm) are shown in Fig. 8 . The response at x (5) satisfies the design specifications. The plot of specification error versus iteration number is shown in Fig. 9 . || vs. iteration number, respectively. The interface contains a number of controls including buttons to run/stop optimization, export graphs, create output files as well as browse through the previous iterations of the algorithm.
Besides the presented automatic optimization module, the SMF system contains a number of other useful interfaces that allow the user to perform interactive SM optimization, SMbased modeling, frequency scaling of the coarse model, acquire fine/coarse model data, etc. Unfortunately, they cannot be described here due to the space limit.
IV. CONCLUSION
The basics of space mapping optimization methodology are presented. The SMF system, a novel user-oriented software package that implements our SM optimization algorithms [12] is demonstrated. It provides sockets to popular commercial simulators (e.g., Sonnet em, Agilent ADS, FEKO) that allow automatic fine/coarse model data acquisition and, consequently, fully automatic SM optimization and modeling.
